Hyperthermal ion implantation offers a controllable method of producing high-quality substitutionally doped graphene with nitrogen, an n-type dopant that has great potential for graphene electronics and spintronics applications where high carrier concentration, uniform doping, and minimal vacancy defect concentration is desired. Here we examine the transport properties of monolayer graphene sheets as a function of implantation beam energy and dose. We observe a transition from weak to strong localization that varies as a function of carrier concentration. For nominally equivalent doses, increased N ion energy results in an increasing magnetoresistance magnitude, reaching a value of approximately −5.5% at 5000 Oe, which we discuss in the context of dopant concentration and defect formation. We use a model for the temperature dependence of the conductivity that takes into account both temperature activation, due to the formation of a transport gap, and Mott variable-range hopping, due to the formation of defects, to further study the electronic properties of the doped films as a function of dose and N ion energy. We find that the temperature activation component dominates the behavior.
Hyperthermal ion implantation offers a controllable method of producing high-quality substitutionally doped graphene with nitrogen, an n-type dopant that has great potential for graphene electronics and spintronics applications where high carrier concentration, uniform doping, and minimal vacancy defect concentration is desired. Here we examine the transport properties of monolayer graphene sheets as a function of implantation beam energy and dose. We observe a transition from weak to strong localization that varies as a function of carrier concentration. For nominally equivalent doses, increased N ion energy results in an increasing magnetoresistance magnitude, reaching a value of approximately −5.5% at 5000 Oe, which we discuss in the context of dopant concentration and defect formation. We use a model for the temperature dependence of the conductivity that takes into account both temperature activation, due to the formation of a transport gap, and Mott variable-range hopping, due to the formation of defects, to further study the electronic properties of the doped films as a function of dose and N ion energy. We find that the temperature activation component dominates the behavior. DOI: 10.1103/PhysRevB.93.161409
I. INTRODUCTION
Since the discovery that a single atomic layer of sp 2 bonded carbon atoms, termed graphene, could be isolated from bulk graphite in 2004 [1], a plethora of remarkable electronic and spintronic properties have emerged including anomalous magnetoresistance effects, Klein tunneling, anisotropic resistance, and high room temperature spin lifetimes [2] [3] [4] [5] [6] . However, few applications are forthcoming because graphene lacks a band gap and its doping is difficult to control [7] [8] [9] , highly contingent on interactions with the substrate [10, 11] and extrinsic impurities [8] rendering graphene devices competitive only for highly specialized device technologies.
Chemical functionalization of graphene facilitates doping and may add a usable transport gap [12] [13] [14] [15] [16] . For most published studies, atomic species (e.g., fluorine or hydrogen) are chemically bonded to the surface out-of-plane, breaking the sp 2 symmetry and replacing it an sp 3 bond. These methods produce functionalized graphene, rather than substitutionally doped graphene, where the former is typically only chemically stable for days (e.g., fluorine) or weeks (e.g., hydrogen) or less, depending on environmental conditions [17, 18] . Some chemical vapor deposition (CVD) growth methods introduce dopants in the graphene lattice during growth. However, studies indicate that dopants incorporated during growth segregate by sublattice within individual grains and tend to avoid edges and grain boundaries, making doping uniformity difficult to control [19] [20] [21] . Functionalization or doping with high-energy ions, such as plasma treatments, produces many vacancy defects in the film, eroding graphene's desirable properties [22, 23] .
A more recently considered doping method, hyperthermal ion implantation (HyTII), can produce stable [24] substitutionally doped films [25, 26] . High-energy irradiated graphene * Corresponding author: adam.friedman@nrl.navy.mil contains many vacancy defects (hereafter simply referred to as "defects"), and was found to result in a transport behavior dominated by hopping conduction due to resonant scattering [27] . In contrast, recent work shows that for a narrow range of hyperthermal ion energies, low-vacancy doping can be realized [28] . For these doped, low defect films, we would expect the transport to be directly correlated to the doping character and not display the hopping-dominated conduction caused by defects.
In another carbon system, diamond, nitrogen is an important dopant for achieving field emission [29] , spintronic control [30] , and carrier control [31] , and is often introduced controllably through ion implantation methods. Moreover, N-doped graphene may have properties that are useful for electronics or spintronics beyond the expected band gap opening, such as a higher carrier concentration [32] or magnetic coupling that results in spin gapless states [33] . A handful of groups have succeeded in creating N-doped graphene. These studies are primarily concerned with material fabrication, chemical, or structural analysis, and, with few exceptions [21, 25] , performed little to no electronic transport analysis. Furthermore, many of these studies introduced dopants during graphene growth yielding segregated N substituents rather than an even dispersion throughout the film [21] . Doping achieved via HyTII provides uniform N coverage [21, 28] .
In this work, CVD-grown graphene films are substitutionally doped with nitrogen using HyTII in the range of implantation energies where low-vacancy doping is expected. We use a variety of HyTII beam energies and fabricate FET devices exposed to different doses at each beam energy. The magnetoresistance properties of the devices are studied, fitting the behavior to the two-dimensional weak localization model. We observe a crossover from strong to weak localization as a function of carrier concentration and beam dose. We also measure the temperature dependence of the devices, fitting them to a model that considers both Mott variable-range hopping (VRH) and thermal activation (TA).
II. METHODS AND FABRICATION
Graphene is grown by CVD using a low-pressure method on copper foils, described elsewhere [34] . Following growth, we use HyTII to substitutionally dope the graphene directly on the Cu foil growth substrate, which is depicted in the cartoon inset in Fig. 1(a) . We implant N + ranging in energy from 25 to 65 eV using a Colutron Model G-2-D ion gun with an initial base pressure <1 × 10 −7 Torr and an implant pressure of ∼3 × 10 −6 Torr. From the hot-filament ion source, ions are extracted with a 75 eV extraction voltage, accelerated to 600 eV, translated through a Wien filter removing molecular nitrogen ions N 2 + , and finally decelerated to the desired energy with a Colutron Model 400-L Decelerator. We calibrate the beam energy by sweeping the ground potential of a Faraday cup to find the voltage that suppresses the beam current. The full-width at half-maximum of the first derivative (with respect to voltage) of these beam retardation scans provides a measure for the beam energy spread and is <2 eV for all beam energies studied. Following calibration, the beam is expanded to achieve a steady beam current (∼0.1μA/cm −2 × 6.4 × 10 11 N + /cm 2 ) within the 0.049 cm 2 area of the grounded Faraday cup, and the sample is translated into the stationary beam where it is held until a region on the sample reaches a dose of 5.6 × 10 14 N + /cm 2 . Away from the peak dose region, the beam flux gradually subsides over an area with a radius of ∼1 cm. Within this area, a wide range of beam doses are achieved, each of which are estimated using Raman spectroscopy as an independent (and internal) dose metric.
Raman spectroscopy (532 nm laser) is used to measure changes in sp 2 -carbon bonding as a function of the beam dose for each fabricated device. In Fig. 1(b) the dotted white line in the optical image surrounds the graphene channel, for which we provide a spatial Raman map in the enlarged image depicting the ratio between integrated D peak intensity and the integrated 2D peak intensity [the peak intensity ratio I (D)/I (2D) is hereafter abbreviated as D/2D], showing the uniformity of the doping over the full surface of the device. The Raman D/2D integrated intensity ratio has been shown to be a sensitive metric of disorder induced in graphene regardless of the origin of the disorder, where vacancies, functionalization, substitutional dopants, and grain boundaries all contribute to an increased D/2D [28] . In contrast, the Raman D/D integrated intensity ratio is strongly dependent on the type of disorder, and a value near 2 has been associated with quaternary nitrogen substituents [see Fig. 1 (a)] in graphene [20, 22] . In previous research we used these independent metrics along with STM mapping, density functional theory modeling, and XPS analysis (see Supplemental Material [35] ) to identify the N + energy range that maximizes the substitutional N doping and minimizes unwanted defect formation to yield doped, low-defect N-graphene [28] . We found this range to be 30-50 eV. For this study we use graphene HyTII-process beam energies of 25, 40, 45, 50, and 65 eV. At 25 eV we expect out-of-plane adatom doping along with substitutional doping. Substitutional doping with minimal defect formation occurs for 40, 45, and 50 eV. For 65 eV we expect defect formation along with doping. We also measure devices with different exposure doses (i.e., containing different amounts of N doping), as determined by the Raman D/2D ratio, at each beam energy (discussed further below).
The N-doped graphene films are transferred to 100 nm thermally grown SiO 2 /n + Si substrate using wet methods described elsewhere [36] . The n + Si will later act as the back-gate contact. By doping the films prior to transfer, we avoid scattering caused by ion implantation in the SiO 2 /Si [8] , which would mask the effects relevant to the present study. Films are patterned into Hall-bar devices using PMMA and deep-UV photolithography, which was found to leave minimal resist residues on the surface of the films [37] [38] [39] , followed by O 2 plasma etching. A subsequent deep-UV lithography with PMMA step defines trenches for electrical contacts, which are then created by depositing 5 nm/35 nm Ti/Au by electron beam evaporation and liftoff in acetone. An optical image of a completed device is shown in Fig. 1(b) .
FET mobilities μ are measured using
Here L is the channel length (either 50 or 120 μm, depending on which contacts were used), W is the channel width (= 10 μm), V Drain is the constant drain voltage, I is the current, V G is the gate voltage, and C ox = 3.45 × 10 −4 F/m 2 , the capacitance of the oxide. Witness devices made from undoped CVD graphene had mobilities in the range of 3000-5000 cm 2 /Vs at 10 K near the Dirac point. Devices doped at all beam energies had μ ∼ 200-1000 cm 2 /Vs at 10 K near the Dirac point. The significant decrease in mobility for implanted devices is expected and is evidence of successful band structure modification. However, a decrease in mobility is expected for both doped and defect disordered devices, so it cannot serve as a reliable comparison metric between these low defect films and previously studied high defect films [27] . For devices that received a very high dose, mobilities were lower than 100 cm 2 /Vs. All devices had hole mobilities that were slightly higher than electron mobilities, regardless of doping beam energy or dose. This asymmetry is a phenomenon observed in other transport studies of CVD graphene [8] , and is related to the transport properties of the graphene-metal contact interface [40] .
Electrical measurements are taken in a variable temperature cryo-free cryostat and electromagnet setup. We employ fourterminal electrical measurements of the longitudinal resistance or conductance, which eliminates contributions from the contacts.
III. RESULTS AND ANALYSIS

A. Raman characterization of dose
In Fig. 2(a) we plot the spatially averaged Raman spectra for nine graphene Hall bar structures N-HyTII processed with 40 eV N + ions as an example of the Raman analysis that was performed for all beam energies used in this study. The spectra are normalized to their G-peak intensity and arranged in order of their D/2D ratio (from top to bottom). The evolution of the Raman spectrum from the nearly pristine (top) graphene to highly doped includes a substantial increase in the D peak (∼1343 cm −1 ) and D peak (∼1624 cm −1 ) intensities, with a corresponding decrease in 2D peak (∼2681 cm −1 ) intensity. Additionally, all peaks broaden with doping. In all spectra, the D/D integrated intensity ratio is between 1.8 and 2.2 consistent with N substitutional doping. In Fig. 2(b) we plot the Raman G-peak frequency, for the same series of samples, as a function of the integrated D/2D ratio. As the D/2D increases, we observe a blue shift in the G peak frequency of over 5cm −1 , which corresponds with an estimated electron doping of over 4 × 10 12 cm −2 [41] . G-peak shifts are not observed for vacancy-only formation in the range of D/2D values explored, and are a direct result of doping [27] . Further evidence of doping in these films can be found in Ref. [28] . Figures 3(a)-3(c) show the change in magnetoconductance with respect to zero field as a function of magnetic field for a sample exposed to a beam energy of 45 eV for three different doses (D/2D of 0.12, 0.46, and 0.896, respectively) and a variety of back-gate voltages (e.g., carrier concentrations). Measured data are shown as points in these plots. The insets show the conductance in μS vs back-gate voltage for the devices, and the position of the Dirac point (V D ) is indicated. The broad, double conductance minimums seen for the higher dosed samples are a possible indication of low-energy resonant scattering [42] from increased substitutional nitrogen, which has been observed previously in other types of doped graphene devices [43] . For undoped devices, Dirac points are generally higher than 15 V. For doped devices, the Dirac points are closer to n = 0, which is expected due to the strong n-doping properties of nitrogen. For the experiment in Fig. 3 , a 45 eV implantation energy was chosen based on a previous study that determined that this beam energy is in the range where doping is maximized and defects are minimized [28] .
B. Magnetoconductance and localization
Localization is a major contributor to the magnetoresistance in doped, disordered, and functionalized graphene films at low temperature. Here broken chiral symmetry leads to intervalley scattering and electronic self-intersecting scattering paths resulting in constructive quantum interference, the amount of which decreases with increasing magnetic field. This manifests as a decrease in resistivity. Detailed theoretical analysis and further explanation can be found in the literature [44] [45] [46] [47] [48] [49] [50] . The two-dimensional localization model is used to fit and analyze the data [46] [47] [48] :
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Here G is the conductance and A is a proportionality constant that also contains information about the device dimensions. F (x) = ln(x) + ψ(0.5 + x −1 ), with ψ(x) being the digamma function. τ −1 inter,intra , the intervalley scattering time due to weak point disorder and the intravalley scattering time due to charged-impurity disorder, respectively, are calculated by
The conductivity due to short-range disorder σ SR is calculated using σ −1 = σ SR −1 + σ D −1 , where it is assumed that localization effects are negligible at higher temperatures (see Supplemental Material for examples of room-temperature field-sweep data [35] ). σ D = enμ, the Drude conductivity measured at 100 K, and σ is the measured low-temperature conductivity. The carrier concentration n is calculated using n = α(V g −V D ). V g is the applied back-gate voltage, V D is the measured Dirac, or charge neutrality point, and α = ε r ε 0 /te, the areal capacitance calculated using a parallel plate capacitor model. ε r is the dielectric constant of SiO 2 ,ε 0 is the permittivity of free space, t is the back-gate oxide thickness (= 100 nm), e is the elementary charge of an electron, v F is the Fermi velocity (∼10 6 m/s for graphene), and h is Planck's constant. τ 2 (π n) 1/2 , the electron localization, or elastic scattering length. When L ϕ > (<)L D , there is strong (weak) localization. The transition from the electron scattering and phase coherence effects described by weak localization and the metal-insulator type transition described by strong or Anderson localization remains a subject of much interest in a variety of graphene treated graphene films, as the type of localization sheds light on the scattering processes created by the dopants and helps elucidate band structure changes [43, [46] [47] [48] [49] . Figure 3 , indicating an extremely long electron localization length and a comparatively much shorter phase relaxation length (see Supplemental Material for more information [35] ). This is in stark contrast to the doped samples, which all displayed strong localization near their respective Dirac points. Moreover, there is a carrier concentration-induced transition from weak to strong localization for all of the doped samples. However, the magnitude of the characteristic lengths ratio, or "strength" of the strong localization decreases steadily as the dose increases. L ϕ /L D roughly follows the shape of the gate sweep curves, with the higher mobility hole side being weakly localized, while the lower mobility electron side is strongly localized. However, the highest dosed sample D/2D = 0.896 only remains strongly localized for a narrow range of carrier densities around the Dirac point before it returns to a weakly localized state. This is intriguing, as it indicates that a higher amount of nitrogen doping prevents the crossover to insulating behavior near the Dirac point. L ϕ is more affected by charged impurities and defects and L D is more affected by scattering that would cause changes in the conductivity [46, 47, 49] . The slow decrease in the phase relaxation length as a function of dose is therefore understood as an increase in substitutional nitrogen content. The initial large decrease in L D for doped as compared to undoped devices is also understood as likely a combination of an increase in impurity density, scattering caused by nitrogen, (holes). As the incident ion energy increases, so does the magnitude of the large negative MR, with exception of the highest beam energy (65 eV). The large negative MR is likely due to successful nitrogen incorporation, as dilute graphene dopants, for example fluorine [49] and hydrogen [46] , have also resulted in a large negative MR, while small amounts of disorder and defects leads to large positive MR [4] . Adatom-and doping-induced large negative MR is thought to arise either from either (i) broken time-reversal symmetry and suppression of quantum interference [50] , (ii) magnetic polaron formation originating in delocalized electron spins [51] caused by the dopants, or (iii) a combination of these two mechanisms [49] . For higher beam energies (for instance, 65 eV), a lower doping efficiency is predicted by molecular dynamics, resulting from a lower probability of nitrogen substitution and a larger probability of defect (e.g., vacancies) formation [52] . As the beam energy increases in the range of 30-50 eV (where few defects are expected), more dopants are added. Therefore, an increase in the magnitude of MR with beam energies up to 50 eV, followed by a change in the MR characteristics at 65 eV, is expected and consistent with our experimental findings. . However, we found that neither model fits our data adequately. Previous experiments of disordered or functionalized graphene devices have reported a disorderdependent crossover between VRH and TA behavior [44, 47] . We found no conditions for which either model was a good fit to the data alone. In other studies, disorder and the presence of localized states have been shown to lead to temperature dependence that behaves like VRH at higher temperatures and TA at lower temperatures. Mainly, for instance, in bilayer graphene devices in a large perpendicular electric field, it was found that a better model is a sum of both models, such that [53] 
.
(4) Here A and B are proportionality constants, T is temperature, k B is Boltzmann's constant, E g is the transport gap, and T 0 is the characteristic temperature. T 0 is related to the density of localized states at the Fermi energy N (E F ) by [49, 54] 
The comparative magnitudes of E g and k B T 0 (both in units of eV) reveal the strength of each of the respective components of the model. We expect that the hopping conduction component will be small compared to the band component for our devices that have substitutional nitrogen and minimal defects, contrary to previous studies where defects dominate [27, 47] . [14, 15, 47, 53] , which, again, is a good indicator of doping rather than defects. Contrary to expectations, we observed no direct correlation between the fitting parameters of Eq. (4) and D/2D ratio, or dose (see Supplemental Material [35] ). However, this could simply indicate that the doses of the devices tested (mostly between D/2D of 0.1 and 1) were not high enough to observe any effect.
Using Eq. (5) and the value of the localization length calculated previously, we can extract the density of states at the Fermi energy. A trend is observed in that for higher beam energies, the density of states decreases exponentially. The three devices represent the range of doping behaviors available for N HyTII implanted graphene: 25 eV has substitutionally doped nitrogen and some adatom formation, 45 eV has substitutionally doped nitrogen and low defects, and 65 eV has some substitutionally doped nitrogen and many defects. As the presence of dilute nitrogen incorporated into the carbon lattice is expected to result in an enhanced density of states and greater carrier concentration [55] , we suspect that the observed decrease is mostly due to defects at 65 eV. This makes sense, as higher beam energies can cause higher defect densities, lowering the overall conductive properties of the films. Interestingly, no direct correlation between N (E F ) and D/2D was observed inside the range of the D/2D values tested. For most devices, N (E F ) ranged from 1 to 300 eV −1 nm −2 . As most of the devices, regardless of D/2D ratios measured, had similar conductivities and mobilities, we suspect that for the doses that we used in this study, not enough nitrogen was implanted or enough defects created to observe a change in N (E F ).
IV. CONCLUSION
In conclusion, we have used HyTII to substitutionally dope graphene films with nitrogen. Devices made from these films show a transition from strong to weak localization that strongly depends on implantation dose, indicating the implanted nitrogen's ability to alter the intrinsic properties of the film. The observed large negative MR, as high as ∼ −5.5% at 5000 Oe, is typical of doped graphene devices, and can be attributed to possible quantum effects or interactions with delocalized moments. As further evidence of the high electronic quality of the implanted devices over similar adatom-doped devices, the temperature dependence can be fit by a model that takes into account both band effects due to the substitutional doping and insulatorlike effects due to defect formation, with the band effects observed to be the major component. Defects only appear to dominate the behavior at large implantation energies, further demonstrating the differences between truedoped films and previous defective/doped films. Therefore, HyTII graphene films have great potential for applications for high-quality graphene where a transport or band gap is desired.
